Yidun arc is an important constituent of the Sanjiang Tethyan Domain in SW China. The Changdagou pluton, located in the northern part of the Yidun Arc, mainly consists of granodiorite. In this study, we conducted in-situ LA-ICP-MS zircon U-Pb dating, and trace element and Hf isotope analyses on the Changdagou granites. Age dating results yielded a weighted mean U-Pb age of 214.97 ± 0.98 Ma (MSWD = 1.2, 2σ), broadly coeval with extensive late Triassic magmatism across the Yidun Arc. All zircon grains analyzed showed high concentrations of Th, U, and HREE, with positive Ce and negative Eu anomalies. Logfo 2 and Ce N /Ce N * values vary from FMQ −3.14 to FMQ +7.44 (average FMQ +3.98), and 14 to 172 (avg. 98), respectively. The zircon Eu N /Eu N * (avg. 0.22) ratios have no clear correlation with the Ce N /Ce N * ratios, suggesting that the former were mainly affected by the magma water content. In addition, zircon εHf(t) values vary in a narrow range (-2.9 to −4.9, avg. −3.4) that clusters around zero, indicating a greater component of mantle-derived magma. Hence, we propose that the Changdagou granodiorite was derived from a highly oxidized, "wet", Cu-rich source, of the type likely to generate porphyry Cu mineralization. However, these parameters (logfO 2 , Eu N /Eu N *, (Ce/Nd)/Y, and εHf(t)) are all lower than those of intrusions associated with Cu ores at Pulang and Lannitang, which may explain why the Cu deposit discovered at Changdagou is small by comparison. Furthermore, on the basis of the decreasing trends of εHf, logfO 2 , and H 2 O content from south to north along the Yiduan arc, we infer that the northern segment of the Yidun arc (including Changdagou) was located further away from the subduction front. Figure 1. (a) Tectonic framework and distribution of major geological terranes and sutures of mainland SE Asia; (b) Tectonic framework of the Sanjiang Region, including the major geological terranes, sutures, volcanic rocks and intrusions (modified after [6]).
Introduction
The Sanjiang Tethyan Domain in the southeastern Tibet Plateau comprises various (micro)-continental blocks, volcanic arcs, and ophiolitic belts that were formed during the opening and closure of the Paleo-Tethys ( Figure 1 ) [1] . The NNW-trending Yidun structure is the largest island arc preserved in the domain [2] [3] [4] , and a number of important porphyry copper deposits (PCDs) were found in its southern section, such as the Pulang, Lannitang and Xuejiping. These PCDs were mainly formed in the Late Triassic (208-235 Ma) during the Indosinian Orogeny [5] [6] [7] . In contrast, only a few PCDs have been discovered in the northern section of the arc, with the Changdagou PCD being the largest one [8] . This raises questions on whether the paucity of PCD discovery is an issue of exploration work, deposit preservation, or a combination of these factors. 
Methods

Zircon Morphology and Texture
Zircon separation was conducted on ~2 kg crushed rock sample at the Langfang Geological Laboratory (Langfang, China). Approximately 100-200 zircon grains from each sample were Major alteration types in the Changdagou granite are silicic, potassic, sericite, argillic (kaolinite) and propylitic. Silicification occurs mainly in the ore-forming granodiorite and the silicified rocks in its exo-contact, and the orebody in the silicified zone is of higher grade. Quartz-calcite veins intersect each other in a grid pattern, and are unevenly distributed in the intrusion. Potassic alteration is distinct, and often contains veinlet/disseminated sulfide mineralization. Sericitization is most prevalent in the mining area, and is manifested as fine scaly aggregates in the metasomatic matrix. Mineralization intensity at Changdagou is clearly related to the alteration style. Strongly mineralized and highest grade (up to 1.64%) areas are mainly concentrated in the potassic and silicic zones. Low-grade mineralization (<0.4%) is also developed in/around the sericite zones.
Methods
Zircon Morphology and Texture
Zircon separation was conducted on~2 kg crushed rock sample at the Langfang Geological Laboratory (Langfang, China). Approximately 100-200 zircon grains from each sample were mounted in an epoxy resin disc. Before the U-Pb isotope analysis, all grains were observed under transmitted and reflected-light microscopy, as well as cathodoluminescence (CL) imaging to reveal their internal structure. All the CL imaging, U-Pb dating, trace element chemical and Hf isotopic analyses were performed at the Wuhan Sample Solution Analytical Technology Co. Ltd. (Wuhan, China). Zircon CL imaging was conducted with the Analytical Scanning Electron Microscope (JSMIT100, JEOL, Tokyo, Japan) connected to a GATAN MINICL system. The imaging conditions include 10,013.0 kV electric field and 8085 µA current of tungsten filament.
Zircon U-Pb Dating and Trace-Element Analyses
U-Pb dating and trace element analyses on zircon were simultaneously conducted with laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). Detailed operating conditions for the laser ablation system and the ICP-MS instrument and data reduction are as described by Zong et al. [26] . The analyses were performed with a GeolasPro laser ablation system that consists of a COMPexPro 102 ArF excimer laser (193 nm wavelength and 200 mJ maximum energy) and a MicroLas optical system. An Agilent 7700e ICP-MS instrument (Agilent Technologies, Santa Clara, CA, USA) was used to acquire ion-signal intensities. Helium was used as a carrier gas, and argon was used as the make-up gas that mixed with the carrier gas via a T-connector before entering the ICP. A "wire" signal smoothing device is included in this laser ablation system [27] . The spot size and frequency of the laser were set to 32 µm and 5 Hz, respectively. Zircon GJ-1 was used as the external standards for U-Pb dating and trace element calibration [28] , respectively. Each analysis consists of a 20-30 s background acquisition followed by a 50 s sample data acquisition. In addition, the off-line selection and integration of background and analyzed signals, quantitative calibration for trace element analysis and time-drift correction and U-Pb dating were carried out with the Excel-based ICPMSDataCal software (Version 10.9, China University of Gersciences, Wuhan, China) [27] . The common lead correction was corrected with the measured 204 Pb concentration [28, 29] . Concordia diagrams and weighted mean calculations were calculated by the Isoplot/Ex_ver3 [30] .
Zircon Hf Isotopic Analyses
The in-situ zircon Hf analyses were carried out by the Neptune multicollector (Thermo Fisher Scientific, Waltham, MA, USA) inductively coupled plasma-mass spectrometry (MC-ICP-MS) instrument equipped with a Geolas-193 laser ablation system at the Wuhan Sample Solution Analytical Technology Co. Ltd., Wuhan, China. During the analyses, a spot size of 44 µm and laser repetition of 8 Hz with energy density of 5.3 J/cm 2 were used. Detailed operating conditions and procedures for the MC-ICP-MS analyses are as described in Hu et al. [27] . Notably, the spot locations of Hf isotopic analyses were presented in Figure 3 . In addition, in-situ zircon Hf isotopes analysis requires Minerals 2019, 9, 337 5 of 22 careful correction for isobaric interferences on 176 Hf (e.g., 176 Yb and 176 Lu). It has been observed that the mass fractionation of Yb (β Yb ) is not constant over time. Besides, the β Yb obtained from the introduction of solutions is unsuitable for in situ zircon measurements [31] . The miscalculation of the β Yb value will evidently affect the results of the 176 Hf/ 177 Hf ratio. In this research, we used the directly obtained β Yb value from the zircon grains in real-time. Moreover, the 173 Yb/ 171 Yb and 179 Hf/ 177 Hf values were applied to estimate the mass bias of Yb (β Yb ) and Hf (β Hf ), which were normalized to 173 Yb/ 171 Yb = 1.13268 and 179 Hf/ 177 Hf = 0.73255 [32] with an exponential correction for mass bias.
Additionally, interference of 176 Yb on 176 Hf was corrected by measuring the interference-free 173 Yb isotope and utilizing 176 Yb/ 173 Yb = 0.79639 [32] to calculate 176 Yb/ 177 Hf. Similarly, the relatively minor interference of 176 Lu on 176 Hf was corrected by measuring the intensity of the interference-free 175 Lu isotope and using the 176 Lu/ 175 Lu = 0.02656 [33] to estimate the 176 Lu/ 177 Hf value. Because Yb and Lu have similar physicochemical properties, the β Yb value was applied to calculate the mass fractionation of Lu. The off-line processing of analytical data (including mass bias calibrations, selection of samples, and blank signals) were performed by software ICPMSDataCal [27] . 
Zircon Log fO2 Estimation
Chemical compositions of zircon have been used to estimate the magma oxygen fugacity [34] [35] [36] [37] . The rare earth element (REE) Ce has two valence states (Ce 3+ and Ce 4+ ) in magmas with different partition coefficients, and Ce 4+ preferentially substitutes Zr 4+ in zircon. Equation (1) was derived by ref. [34] to estimate the magma log fO2 on the basis of the relationship between Ce concentration and the Ti in zircon temperature (evaluated by the equation of Ferry and Watson [37] ), estimated through high P-T experiments [38, 39] . In addition, Loader et al. [40] argued that CeN/CeN* (on the basis of the Nd-Sm method in zircon) is unlikely to be affected by mineral inclusions and is thus reliable. Hence, 
Zircon Log fO 2 Estimation
Chemical compositions of zircon have been used to estimate the magma oxygen fugacity [34] [35] [36] [37] . The rare earth element (REE) Ce has two valence states (Ce 3+ and Ce 4+ ) in magmas with different partition coefficients, and Ce 4+ preferentially substitutes Zr 4+ in zircon. Equation (1) was derived by ref. [34] to estimate the magma log fO 2 on the basis of the relationship between Ce concentration and the Ti in zircon temperature (evaluated by the equation of Ferry and Watson [37] ), estimated through high P-T experiments [38, 39] . In addition, Loader et al. [40] argued that Ce N /Ce N * (on the basis of the Nd-Sm method in zircon) is unlikely to be affected by mineral inclusions and is thus reliable. Hence, we calculated both Ce N /Ce N * and logfO 2 from the zircon compositions to unravel the magmatic redox state. Eu N * in this study is interpolated from the neighboring elements Sm and Gd, and is equal to (Sm N × Gd N ) 1/2 .
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where (Ce/Ce*) D is the Ce anomaly in zircon grain, estimated from the partition coefficients, T is the absolute temperature of zircon crystallization.
Water Content Estimation
Currently, there are only a few methods for estimating magmatic H 2 O content, including the use of plagioclase, hornblende, zircon hygrometer and melt inclusion analysis [38] [39] [40] [41] [42] [43] [44] . In addition, some whole-rock element parameters, like Sr/Y and δEu values, can provide estimation of water content in PCD-forming magma [11, 43, 45] . Lu et al. [14] argued that zircon trace element ratios (e.g., Eu N /Eu N *, Dy/Yb, (Ce/Nd)/Y, and (Eu N /Eu N *)/Y) can serve as proxies for magmatic water content, and that PCD-fertile magmas commonly contain low Dy/Yb (<0.3) and high Eu N /Eu N * (>0.3) ratios. It was interpreted that "wet" magmas can suppress early plagioclase crystallization, which causes the low Dy/Yb and high Eu N /Eu N * ratios. However, the Eu N /Eu N * ratios in zircon not only vary with water content but also with the redox state [14, 34, [45] [46] [47] . Hence, in this study, (Ce/Nd)/Y and Eu N /Eu N * ratios are both selected as proxies for the water content of magma.
Results
Zircon U-Pb Age
For the zircon grains from Changdagou, CL imaging shows distinct concentric oscillatory zoning in most grains with no inherited cores. The U-Pb dating results are listed in Table 1 and illustrated in Figure 4 . The Th/U ratios range from 0.32 to 1.14, distinctly higher than those of typical metamorphic zircons but resembling typical magmatic zircons [48, 49] . The zircon grains yielded a weighted mean 206 Pb/ 238 U age of 214.97 ± 0.98 Ma (MSWD = 1.2, n = 30). The U-Pb ages of cores and rims of the Changdagou zircon grains are identical [50] . For the zircon grains from Changdagou, CL imaging shows distinct concentric oscillatory zoning in most grains with no inherited cores. The U-Pb dating results are listed in Table 1 and illustrated in Figure 4 . The Th/U ratios range from 0.32 to 1.14, distinctly higher than those of typical metamorphic zircons but resembling typical magmatic zircons [48, 49] . The zircon grains yielded a weighted mean 206 Pb/ 238 U age of 214.97 ± 0.98 Ma (MSWD = 1.2, n = 30). The U-Pb ages of cores and rims of the Changdagou zircon grains are identical [50] . 
Zircon Trace Element Compositions
Zircon trace elements data of the Changdagou granodiorite are presented in Table 2 , and the chondrite-normalized REE (Rare Earth element) patterns are shown in Figure 5 . All the zircon grains are LREE (Light Rare Earth Element)-depleted and HREE (Heavy Rare Earth Element)-enriched. Concentrations of Ce and Eu are of 3.4-106 ppm and 0.14-0.75 ppm, respectively. All zircon samples show strong positive Ce anomalies (Ce N /Ce N * = 14 to 172) and slightly negative Eu anomalies (Eu N * = 0.09 to 0.32). These characters resemble those of typical magmatic zircon [48] . The calculated logfO 2 values are listed in Table A1 and plotted in Figure 6a . In the logf O 2 -T diagram, the Changdagou granodiorite porphyry data plot between the FMQ and MH buffers. For the data from the Pulang and Lannitang PCDs (southern Yidun arc), the Lannitang porphyry samples mainly plot above the NNO buffer, whilst half of the Pualng samples plot above the MH buffer. Therefore, the Pulang (FMQ −9.25 to +13.22) and Lannitang (FMQ +0.23 to +9.52) granites have higher logf O 2 than the Changdagou granites (FMQ -3.14 to +7.44) (Figure 6b ). Zircon grains of Changdgou granodiorite have relatively low Ti contents (1.51-7.04 ppm), which gave Ti-in-zircon temperatures of 628 to 757 • C (avg. 689 • C). In the logfO 2 -T diagram, the Changdgou granodiorite has a lower Ti-in-zircon temperature than those of the Pulang and Lannitang granites. Table A1 .
As shown in Figure 6c (Table A1 ). Besides, it was found that the Ce N /Ce N * and Eu N /Eu N * does not have any positive relationship.
The zircon Eu N /Eu N * vs. (Ce/Nd)/Y diagram shows marked distinction between the Changdagou and Pulang granites (Lannitang granites not shown due to the lack of published zircon Y data). The Changdagou granites show lower zircon (Ce/Nd)/Y ratios (0.002-0.022; avg. 0.009) than their Pulang counterparts (0.007-0.18; avg. 0.038), and there is a positive correlation between Eu N /Eu N * and (Ce/Nd)/Y ratios (Figure 7) . 
Zircon Hf Isotopes
Hf-isotopic data of the zircon grains analyzed from the Changdagou granodiorite porphyry (CDG01) are shown in Table 3 . Zircon GJ-1 and 91,500 was used as the reference standard, with weighted mean 176 Hf/ 177 Hf ratios of 0.282017 ± 0.0000060 and 0.282308 ± 0.0000035, respectively, determined by our routine analyses. The zircon εHf(t) values vary in a narrow range (−2.9 to −4.9; avg. −3.4), corresponding to the lower crust ( Figure 8a) . Comparatively, the Pulang granites have higher zircon εHf(t) values (−4.7 to 2.5; [6] ), which plot above the Chondrite Uniform Reservoir (CHUR) evolutionary line in the εHf(t) vs. U-Pb age diagram (Figure 8 ). 
Discussion
Geochronological Data
The age of Changdagou granite has long been estimated by its intrusive relationship with the regional stratigraphy [53] . In this study, we report the first zircon U-Pb age for the ore-forming Changdagou granodiorite porphyry (214.97 ± 0.98 Ma) from the northern Yidun arc. In the southern Yidun arc, Wang et al. [6] reported three zircon U-Pb ages (214.3 ± 2.9 Ma, 211.6 ± 3.1 Ma, and 214.1 ± 2.9 Ma) for the Pulang complex, Chen et al. [54] reported one zircon U-Pb age (216.7 ± 1.2 Ma) for the Lannitang porphyry, and Ren et al. [55] reported one zircon U-Pb age (213.4 ± 1.5 Ma) for the Xuejiping porphyry. All these ages, no matter whether from the northern or southern segment of the Yidun arc, fall consistently into the Late Triassic, coeval with the Indosinian Orogeny in SW China and mainland SE Asia. With the lithological and geochemical features of the igneous-sedimentary assemblages in the region, it is broadly accepted that the Yidun zone was a continental arc developed 
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Geochronological Data
The age of Changdagou granite has long been estimated by its intrusive relationship with the regional stratigraphy [53] . In this study, we report the first zircon U-Pb age for the ore-forming Changdagou granodiorite porphyry (214.97 ± 0.98 Ma) from the northern Yidun arc. In the southern Yidun arc, Wang et al. [6] reported three zircon U-Pb ages (214.3 ± 2.9 Ma, 211.6 ± 3.1 Ma, and 214.1 ± 2.9 Ma) for the Pulang complex, Chen et al. [54] reported one zircon U-Pb age (216.7 ± 1.2 Ma) for the Lannitang porphyry, and Ren et al. [55] reported one zircon U-Pb age (213.4 ± 1.5 Ma) for the Xuejiping porphyry. All these ages, no matter whether from the northern or southern segment of the Yidun arc, fall consistently into the Late Triassic, coeval with the Indosinian Orogeny in SW China and mainland SE Asia. With the lithological and geochemical features of the igneous-sedimentary assemblages in the region, it is broadly accepted that the Yidun zone was a continental arc developed on the Zhongza Block [2, 4] . Thus, formation of the Changdagou granodiorite porphyry was probably related to the subduction associated with Late Triassic magmatism in the Yidun zone [23, 56, 57] .
Magma Redox State
It is generally accepted that oxidized magmas are favorable to the formation of PCDs, via inhibiting early sulfide precipitation and allowing the ore metals to be concentrated into the residual melt and hydrothermal fluids [11, [58] [59] [60] . Shen et al. [58] argued that the oxygen fugacity has a positive relationship with the size of PCDs in the CAOB, and that the (NNO + 2) values can distinguish large and intermediate PCDs from small ones. In this study, the average magmatic oxygen fugacity (FMQ +3.98) and Ce N /Ce N * (98) for the Changdagou granodiorite are much higher than the lowest limit (FMQ + 1.5) for porphyry Cu-(Au)-Mo mineralization [61] [62] [63] . These data suggest that Changdagou granodiorite has PCD-forming potential. Meanwhile, the Pulang and Lannitang granites both contain higher logf O 2 values than those of the Changdagou granodiorite (Figure 6a,b) , which may explain why the PCDs at Pulang (1.14 Mt) and Lannitang (0.30 Mt for Xuejiping) are larger than that at Changdagou [7] .
Magma Water Content
High magmatic water contents are widely accepted to be important in enhancing the magma PCD fertility [38, 39, 41, [59] [60] [61] [62] [63] . Lu et al. [14] suggested that the fertile magmas commonly contain high (Ce/Nd)/Y and high Eu N /Eu N * ratios. However, Eu N /Eu N * of zircon grain is also dependent on the magma oxidation state [5, 31, 40, 46] . In this study, the lack of positive Ce N /Ce N * vs. Eu N /Eu N * correlation, and the presence of positive Eu N /Eu N * vs. (Ce/Nd)/Y correlation suggest that Eu N /Eu N * is probably affected by water content (Figures 6c and 7a) . The Changdagou granodiorite porphyry has a narrower and lower Eu N /Eu N * zircon grain range than those of the Lannitang and Pulang granites, which suggest that the latter two have higher magmatic water contents.
Tectono-Metallogenic Implications on the Northern and Southern Yidun Arc
It has been generally believed that high oxidization of arc magmas are related to subduction: the closer the distance of the arc magmas from the subduction zone, the higher the oxygen fugacity [10, 12, 37, 43, [64] [65] [66] . This is likely caused by the larger amount of oxidized ions (i.e., Fe 3+ , Mn 4+ , S 6+, and C 4+ ) carried by the slab-derived fluids closer to the subduction front [10, [67] [68] [69] [70] . In this study, we suggest that ore-forming magmas at Lannitang and Pulang (southern Yidun arc) have had higher water content and oxygen fugacity than those at Changdaou (northern Yidun arc), which implies that the southern Yidun arc was closer to the Ganzi-Litang subduction zone. A similar conclusion was also reached by Wang et al. [6] .
In contrast with Lu, Hf partitions into silicate melts more efficiently, melts derived from the magma would become less radiogenic (lower 176 Lu/ 176 Hf) and thus have lower 176 Hf/ 177 Hf ratios relative to the residue [54, 71] . Regional intrusions sourced from the continental crust generally possess low εHf(t) values, such as Hongshan quartz monzonite [6] . The Changdagou sample plot is close to the chondrite line and presents variations in εHf(t) values (Figure 8a,b) . It is arranged with the coeval Late Triassic intrusions in the Songpan-Ganzi terrane [72] .
As shown in Figure 9 , most of the Late Triassic intrusions in the southern Yidun arc, including the Xuejiping, Pulang, Lannitang, and Songnuo intrusions, are PCD-forming, but coeval granites in the northern Yidun arc are mostly ore-barren, such as the Daocheng and Cuojiaoma intrusions [3] . These infertile rocks show a wide range of negative εHf(t) values, indicating a mixed source dominated by crustal components [73, 74] . Unlike most other Late Triassic intrusions in the northern Yidun arc, the εHf(t) values of Changdagou granodiorite porphyry presents a narrow range which cluster around 0, indicating a more mantle-derived source. The decreasing εHf(t) trend from south to north (and reverses sharply around Changdagou) in the Yidun arc probably indicate decreasing mantle-derived input to the granitoid formation from south to north, which may be attributed to the shape of the continental arc and/or subduction angle variation [3, 4, 6] . As shown in Figure 9 , most of the Late Triassic intrusions in the southern Yidun arc, including the Xuejiping, Pulang, Lannitang, and Songnuo intrusions, are PCD-forming, but coeval granites in the northern Yidun arc are mostly ore-barren, such as the Daocheng and Cuojiaoma intrusions [3] . These infertile rocks show a wide range of negative εHf(t) values, indicating a mixed source dominated by crustal components [73, 74] . Unlike most other Late Triassic intrusions in the northern Yidun arc, the εHf(t) values of Changdagou granodiorite porphyry presents a narrow range which cluster around 0, indicating a more mantle-derived source. The decreasing εHf(t) trend from south to north (and reverses sharply around Changdagou) in the Yidun arc probably indicate decreasing mantle-derived input to the granitoid formation from south to north, which may be attributed to the shape of the continental arc and/or subduction angle variation [3, 4, 6 ].
Conclusions
1. Zircon U-Pb dating of the Changdagou granodiorite porphyry in the northern Yidun arc yielded 214.97 ± 0.98 Ma. This age is very similar to other Late Triassic PCD-forming magmatisms in the Yidun arc.
2. As reflected by proxies such as logfO2, EuN/EuN*, and (Ce/Nd)/Y, magmas that formed the Changdagou granodiorite porphyry may have had high oxygen fugacity (FMQ + 3.98) and water content, yet they were likely lower than those of the Pulang and Langnitang ore-causative porphyries. This may have limited the PCD size at Changdagou.
3. The southern segment of the Yidun arc was probably closer to the subduction front than the northern segment, where Changdagou is located. The more subduction-distal setting of the northern Yidun arc may have resulted in the lower oxygen fugacity, water content, enriched-mantle input, and thus the PCD-fertility there. 
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